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Abstract

Regulated gene expression is achieved in large part by controlling the activities of essential, multi-

subunit RNA polymerase transcription elongation complexes (TECs). The extreme stability 

required of TECs to processively transcribe large genomic regions necessitates robust mechanisms 

to terminate transcription. Efficient transcription termination is particularly critical for gene-dense 

bacterial and archaeal genomes1-3 wherein continued transcription would necessarily transcribe 

immediately adjacent genes, result in conflicts between the transcription and replication 

apparatuses4-6 and the coupling of transcription and translation7,8 would permit loading of 

ribosomes onto aberrant transcripts. Only select sequences or transcription termination factors can 

disrupt the otherwise extremely stable TEC and we demonstrate that one of the last universally 

conserved archaeal proteins with unknown biological function is the Factor that terminates 

transcription in Archaea (FttA). FttA resolves the dichotomy of a prokaryotic gene structure 

(operons and polarity) and eukaryotic molecular homology (general transcription apparatus) 

observed in Archaea. This missing-link between prokaryotic and eukaryotic transcription 

regulation provides the most parsimonious link to the evolution of the processing activities 

involved in RNA 3’-end formation in Eukarya.

Transcription termination (Extended Data Figure 1), driven either by DNA sequence and 

encoded RNA structures (e.g. intrinsic termination) or by protein factors (e.g. factor-
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dependent termination) ensures rapid dissociation of RNA polymerase (RNAP) from the 

DNA template to recycle RNAP and generate RNA 3’ ends1,9. While often prevalent within 

prokaryotic genomes, intrinsic termination sequences are typically neither sufficiently 

abundant nor efficient to mediate all termination events. Transcription termination factors 

must then efficiently recognize TECs that are not intrinsically terminated and compete with 

continued elongation to mediate release of the nascent transcript. While the identification of 

Eta provided evidence of factor-dependent archaeal termination10, no kinetically-efficient 

mechanism of factor-dependent archaeal transcription termination has been described. The 

retention of operon-organized archaeal genomes and the sensitivity of the archaeal 

transcription apparatus to bacterial rho-mediated termination in vitro2 – combined with the 

normal coupling of transcription and translation8, the resultant polar suppression of 

downstream expression in the absence of such coupling in archaeal cells11 and the 

conservation of Spt5/NusG in all genomes – implied the existence of a kinetically-relevant 

archaeal transcription termination activity that might function akin to the bacterial rho 

protein. Rho homologues are, however, restricted to Bacteria12, arguing instead that 

conserved archaeal-eukaryotic or unique archaeal factors may drive factor-dependent 

archaeal transcription termination.

Only a core set of ~200 gene families (more properly, archaeal clusters of orthologous 

genes; arCOGs) are conserved in most archaeal genomes 13, just ~129 arCOGs are strictly 

ubiquitous14 and one is an obvious orthologue of a subunit of the cleavage and 

polyadenylation specificity factor (CPSF) complex 13-18. The homology of most archaeal 

transcription components to eukaryotic factors argued that the archaeal homologue of 

eukaryotic CPSF73 might function as the Factor that terminates transcription in Archaea 

(FttA). We challenged promoter-initiated TECs 19,20 – generated with an RNAP variant with 

a His6/HA-epitope-tagged RpoL subunit 19,21,22 and containing a radiolabeled nascent 

transcript – with FttA (Extended Data Figure 2; FttA is the ~73.5 kDa protein product of 

gene TK1428) and monitored transcription termination by quantifying release of transcripts 

from TECs (Figure 1). TECs stalled by nucleotide deprivation with +125 nucleotide (nt) 

nascent transcripts (TECs+125) remain stably associated in the absence of FttA (Figure 1a, 

lanes 1-4). Addition of FttA to stalled TECs results in cleavage and release of ~100 nts of 

the nascent transcript (Figure 1a, lanes 5-6). However, despite repeated and exhaustive 

efforts to monitor FttA-mediated transcript cleavage within seconds of FttA-addition, we 

never observed a ~25nt 3’-transcript fragment. We were thus initially hesitant to assume that 

FttA-mediated transcript cleavage was coupled to bona fide transcription termination, as a 

~25 nt transcript is sufficient to stabilize an archaeal TEC2,23,24.

To fully validate that the cleavage and termination activity of FttA is distinct from that of a 

general RNase, we challenged TECs with either FttA or RNase If in parallel. If TECs remain 

intact following FttA-mediated cleavage of the nascent transcript then i) radiolabeled 3’-

nascent transcripts should remain associated with TECs, ii) intact TECs should survive 

washes designed to remove transcripts not associated with TECs, iii) NTP addition should 

permit continued elongation of active TECs, allowing extension of the nascent transcript, 

and iv) RNAP should remain within TECs. In contrast, if FttA-mediated cleavage of the 

transcripts inactivates and terminates transcription, RNAP should be released to the 

supernatant and resumed elongation following NTP supplementation will not be possible. 
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Treatment of TECs+125 with RNase If 10 (Figure 1c) fulfills all of the expectations of 

transcript processing that are not linked to transcription termination: stable TECs~+25 are 

observed (Figure 1b, lanes 10-11), addition of unlabeled NTPs (Figure 1b, lane 12) or 

radiolabeled NTPs (Figure 1b, lane 13) permits all TECs~+25 to resume elongation, and 

RNAP partitioning confirms essentially all TECs remain intact (Figure 1e, lanes 7-8). 

Treatment of identically prepared TECs+125 with FttA (Figure 1b-e) are, in contrast, fully 

supportive of FttA-mediated termination: the bulk of FttA-treated TECs+125 do not survive 

washes and FttA-activity releases ~70% of RNAP to solution (Figure 1e, lanes 5-6). FttA is 

thus the second archaeal-encoded factor that can mediate transcription termination.

Addition of an FttA variant 15,17,25,26 - FttAH255A - reduced but did not eliminate FttA-

mediated termination (Figure 1a, lanes 7-8). Termination activity is thus linked to FttA-

mediated RNA cleavage, rather than FttA-mediated stimulation of the intrinsic cleavage 

activity of RNAP27. FttA-mediated cleavage of the nascent RNA to yield a ~100 nt 5’-

transcript is consistent with FttA stimulating RNA cleavage at the first solvent accessible 

phosphodiester linkage and the ~25 nt of nascent transcript protection are consistent with the 

results of previous digestions of intact archaeal10 and eukaryotic TECs28 with RNA 

exonucleases. In contrast to other prokaryotic transcription termination factors, FttA-

mediated termination is not energy-dependent (Figure 1f).

FttA recognizes TECs through binding to nascent transcripts (Figure 2). TECs stalled on G-

less cassettes, and thus with A, U and C-rich RNAs, revealed a near-linear relationship 

between transcript length and FttA-mediated termination (Figure 2b-d). While FttA-

mediated termination is possible with only short segments of solvent accessible nascent 

transcript sequences – a notable discriminating feature between rho- and FttA-mediated 

termination – the efficiency and rate of FttA-mediated termination are modest in such 

instances. In contrast, TECs stalled on C-less cassettes, and thus with A, U and G-rich RNAs 

effectively abolish FttA-activity (Figures 2 and Extended Data Figure 3a and b). FttA-

mediated termination is thus stimulated by C-rich RNAs – as is the case for bacterial rho-

mediated termination – or is inhibited by transcripts that are particularly G-rich. Rho-activity 

can be stimulated at suboptimal rut-sites by NusG, and the archaeal-eukaryotic homologue 

of NusG, Spt5, together with its common binding partner Spt4, can likewise stimulate FttA 

when transcript sequences limit FttA-recognition or FttA-activity (Figure 2c-d). As such, 

Spt4-Spt5 temper the nucleotide requirements of FttA. FttA is a known endo- and 5’−3’ 

exonuclease 15,29 and cleavage of nascent transcripts is stimulated by interactions with the 

archaeal TEC, but not RNAP alone (Extended Data Figure 3d). FttA-mediated cleavage of 

TEC-associated nascent transcripts is complete within ~1-2 minutes, while incubations of 

FttA with purified RNA under identical conditions require ~30-times longer to generate even 

mild cleavage patterns (Figure 3c), consistent with previous results 15,30. FttA-mediated 

endonucleolytic cleavage of free RNA at CA and CC dinucleotide sequences is consistent 

with FttA activity on C-rich transcripts 15. The consistently observed cleavage pattern on 

various substrates (reduced transcript length by ~20-30 nts) supports FttA-mediated cleavage 

and termination being dictated and positioned by RNAP-RNA interactions near the stalk-

domain and RNA exit channel and is further enhanced by Spt4-Spt5.
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Archaeal transcription units are typically separated by only short (< 100 bp) intergenic 

regions 1,31-33, thus for FttA-mediated termination to be effective mechanism of gene 

regulation in vivo, FttA must quickly recognize and disrupt TECs before transcription 

continues significantly into downstream genes or operons. To establish if FttA-mediated 

termination was competitive with transcription elongation, stalled TECs+125 were permitted 

to resume elongation with different [NTPs] . Differential elongation rates resultant from 

varying [NTPs] provide a relative measure of the efficiency of FttA-mediated transcription 

termination in competition with transcription elongation (Figure 3). At low [NTPs], TECs 

elongate slowly and many TECs are still transcribing after several minutes of incubation as 

evidenced by a mixture of nascent transcripts between 125-225 nts (Figure 3b, lanes 3-4). At 

increasingly higher [NTP], elongation rates increased until TECs are elongating at rates 

comparable to normal elongation rates in vivo (Figure 3b, lanes 5-8). Addition of FttA to 

stalled TECs (Figure 3b, lanes 17-18) resulted in near complete termination, but as the rate 

of elongation increased with increasing [NTP], FttA-mediated termination decreased. 

Although not an obligate subcomplex of archaeal RNAP, Spt4-Spt5 engages RNAP in vivo 
early during elongation and remains associated with TECs throughout long genes34. The 

ability of Spt4-Spt5 to temper the transcript requirements for FttA-mediated termination 

(Figure 2) suggested that addition of Spt4-Spt5 may accelerate FttA-recognition of or action 

towards TECs. In support of this hypothesis, addition of Spt4-Spt5 greatly increased the 

termination efficiency of FttA, demonstrated by the release of transcripts > +125 nt but < 

+225 nt (Figure 3b, lanes 27-32). The results demonstrate that FttA is kinetically coupled to 

RNAP via elongation factors Spt4-Spt5, a striking analogy to the stimulation of the 

unrelated bacterial rho protein by NusG35 and to the observed stimulation of Pol II 

termination by CPSF73/Xrn236. To ensure that FttA mediates termination when combined 

with Spt4-Spt5 – and that termination observed in the presence of all three factors was not a 

new activity of Spt4-Spt5 – we employed a variant of FttA (FttAH255A) that retains only 

partial activity (Extended Data Figure 4a and b).

Interactions between rho and the C-terminal KOW domain of NusG stimulate rho-mediated 

termination 37-39. The NusG-KOW domain is normally engaged with the ribosome and only 

becomes available when transcription becomes uncoupled from translation 40. Archaeal 

transcription and translation are coupled 8, and we asked whether the isolated KOW domain 

of Spt5 would suffice to stimulate FttA-mediated termination. Addition of the Spt5-KOW-

domain (Spt5ΔNGN which remains thermostable) alone does not influence the activities of 

FttA or RNAP in vitro (Extended Data Figure 4c). Spt5 is often in a heterodimeric 

partnership with Spt4, and this partnership is critical to kinetically couple FttA activity to 

RNAPs (Extended Data Figure 4d). Like the nuclear eukaryotic RNAPs, the archaeal RNAP 

contains a stalk domain41. The stalk provides binding surfaces for conserved initiation and 

elongation factors and the nascent transcript 1,33,42-44. Purified stalk-less RNAP 

(RNAPΔE/ΔF), when combined with TBP and TFB, is competent for transcription initiation, 

elongation, and intrinsic termination 21, but fails to respond correctly to FttA-mediated 

termination (Extended Data Figure 4e). Even when continued elongation was prohibited, the 

termination activities of FttA were stunted by the loss of the RNAP-stalk domain (Extended 

Data Figure 4e, lanes 17-18). Addition of Spt4-Spt5 to TECs assembled with RNAPΔE/ΔF 

does not stimulate FttA-mediated termination to rates that are competitive with continued 
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elongation even at low [NTP] (Extended Data Figure 4e, lanes 27-32). The results suggest 

roles for both the stalk domain and Spt5-Spt4 in accelerating FttA-mediated termination to 

permit kinetically competitive termination in vitro.

FttA is likely sufficiently abundant (~2,100 −/+ 500 molecules/cell; Extended Data Figure 5) 

to monitor global transcription (RNAP is estimated at ~3,000 molecules/cell)19. FttA is a 

metallo-beta lactamase-fold protein containing a beta-CASP domain15 and we predicted that 

general inhibitors of metallo-beta-lactamase proteins45 may impair FttA activity. 2,6-

pyridine dicarboxylic acid (dipicoloinic acid, or DPA) nearly-completely inhibited FttA-

mediated termination in vitro (Figure 4a-b). T. kodakarensis cultures challenged with DPA 

demonstrated a reduced, then complete inhibition of growth (Figure 4c). While DPA may 

impact several factors in vivo, we rationalized that monitoring RNA 3’-ends following DPA 

addition may reveal changes due to inactivation of FttA. Quantitative, reverse-transcription-

PCR (q-RT-PCR) analyses revealed significant changes to 3’-ends at several loci in vivo 
(Figure 4d-f) following DPA addition. The fold-changes in extended 3’ ends of each 

transcript generally increase in magnitude compared to untreated cultures both with respect 

to the distance from the translation stop codon and with increasing [DPA]. Altered 3’-

termini stemming from exposure to a general metallo-beta-lactamase inhibitor cannot be 

definitively attributed to direct inhibition of FttA activity in vivo. Given our desire to directly 

demonstrate that reduced FttA activity impacts termination in vivo, coupled with our 

inability to generate T. kodakarensis strains encoding enzymatically-impaired FttA variants, 

we next reduced FttA activity by limiting FttA expression and altering steady-state FttAWT 

protein levels. To ensure that introduced and regulated expression of TK1428 did not impact 

TK1429 expression46, we separated TK1428 expression from TK1429 by introduction of a 

new promoter and intrinsic termination sequence, then placed the TK1428 coding sequences 

downstream of sequences encoding an archaeal fluoride-responsive riboswitch47, thereby 

generating strain IR5 (Figure 4g). Construction of IR5 was only possible when cultures were 

continuously provided with fluoride even though fluoride impairs growth of T. 
kodakarensis47, supporting that very limited expression of TK1428 was not compatible with 

life. Steady-state FttA levels in IR5 strains grown in the absence and presence of fluoride 

reveals a modest ~2-fold change in FttA levels in vivo when fluoride is removed from 

cultures (Figure 4h and Supplementary Information Figure 2), yet even this modest 

alteration significantly and reproducibly impacts transcription termination in vivo (Figure 

4d-f). The increased abundance of RNA with extended 3’-UTRs in strains with reduced FttA 

protein abundance is supportive of FttA normally directing transcription termination in vivo.

FttA is conserved in all archaeal genomes 13,15,48,49, including the severely reduced 

genomes of symbiotic Nanoarchaeota, and it was perhaps not surprising that exhaustive 

attempts to delete or generate variants that radically impair activity of FttA26,50,51 in T. 
kodakarensis were unsuccessful; our failures were supported by the essentiality of FttA in 

other archaea48,49. We were able to generate a strain (termed TK1428D) encoding an His6-

affinity and HA-epitope tagged FttA(Figure 4g). Strain TK1428D growth was 

indistinguishable from the parental strain 52,53 and N-terminally tagged FttA was easily 

recovered directly from TK1428D cell lysates in large abundance (Extended Data Figure 6). 

Proteins co-purifying with FttA from TK1428D were identified by MuDPIT54,55, returning 

only a small number of proteins (Extended Data Figure 7) that have minimal inferred 
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activity related to transcription and gene expression. No obvious stoichiometric FttA 

interaction partners were recovered, supportive of our in vitro demonstration that FttA alone 

can disrupt archaeal TECs. Affinity purification of FttA does not return RNAP subunits nor 

Spt4-Spt5, suggesting FttA transiently encounters and disrupts TECs rather than forming 

stable interactions with TEC components or Spt4-Spt5.

The essentiality of FttA in T. kodakarensis and other archaea48,49, the complete conservation 

of FttA in Archaea15,18,56, the demonstrated in vitro ability of FttA-mediated termination to 

compete with productive elongation (Figure 3) and the demonstrated changes to RNA 3’-

ends in strains wherein FttA activity is reduced by two independent mechanisms (Figure 4) 

suggests that FttA is likely responsible for 3’-end formation of transcripts that are not 

directed by intrinsic termination, and further that FttA-mediated termination is likely 

responsible for polarity in archaeal cells 32. By establishing the requirements for FttA-

mediated transcription termination (Figures 1-4, Extended Data Figure 3 and Extended Data 

Figure 4) we complete the archaeal transcription cycle and describe an additional 

mechanism of 3’ end formation (Extended Data Figure 8). It is important to note that the 

described activities of FttA suggest that the steady-state 3’-termini of in vivo transcripts 

terminated by FttA do not reflect that actual position of termination of the archaeal RNAP. 

Thus, consensus termination sequences derived from next-generation sequencing and Term-

seq data1,57 should be re-evaluated given that FttA-terminated transcripts are likely to be 

lacking minimally ~20-30 nts from the 3’-terminus; additional RNA processing events are 

likely to further complicate attempts to map the 3’-termini of transcripts that reflect the true 

position of TEC dissociation. Even transcripts derived from loci encoding putative intrinsic 

termination sequences should be reevaluated, as FttA-activity may influence the efficiency 

of intrinsic termination or serve as a backup mechanism of transcription termination for 

genes/operons with less-efficient intrinsic termination signals.

The requirements for FttA-mediated termination suggest that long 5’ UTRs observed for 

some archaeal transcripts may serve as points of regulation for premature termination 

upstream of the coding sequences 46,58. How transcription of stable RNAs, including rRNAs 

is protected from FttA-mediated termination will be of interest to determine. Exclusion of 

Spt4-Spt5 from TECs transcribing stable RNAs, or structures within the nascent transcript 

may suffice to hinder FttA-loading or FttA-mediated termination of archaeal TECs; a 

delayed mechanism of Spt5 recruitment to rRNA and CRIPSR loci has been identified 59. It 

is interesting that full-length FttA homologues are found in the genomes of several bacterial 

species, suggesting that FttA may function as a termination factor in multiple domains 

(Supplementary Information Figure 1). It will be of immediate interest to determine if the 

bacterial FttA proteins can direct transcription termination, and if they can, whether they 

cooperate with or can substitute for rho. It will be similarly interesting to determine if FttA 

activity can disrupt eukaryotic TECs formed with Pol I, II and III, given the structure of FttA 

is nearly identical to the CPSF73 subunit of the eukaryotic CPSF complex (Extended Data 

Figure 2) 15,17,25,60,61. The combined activities of CPSF and Xrn2 are necessary for normal 

termination patterns in Eukarya 62,63. FttA retains all the necessary activities within a single 

protein: FttA can bind TECs, mediate cleavage and release of the nascent transcript and use 

5’−3’ exonuclease activities to degrade the 3’-transcript. We propose that the eukaryotic 

CPSF complex 64, which minimally contains 4 homologous but non-identical subunits, arose 
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from archaeal FttA. The ability of the CSPF complex to directly terminate transcription was 

likely lost during the specialization and partnership with factors that direct RNA 3’-

maturation in Eukarya.

Methods

T. kodakarensis culturing conditions.

T. kodakarensis strain TS559 and derivatives of such were grown at 85°C under anaerobic 

conditions as previously described53. DPA (Sigma) was added at neutral pH to either 12.5 or 

25 mM as shown in Figure 4. NaF was added to 4 mM when necessary.

Protein purifications.

Archaeal RNA polymerases (WT and ΔE/F variant) containing His6-HA-epitope-tagged-

RpoL subunits, TBP, and TFB were purified as previously described 19,21. T. kodakarensis 
Spt5 and His6-Spt4 were purified as previously described 20. Spt5ΔNGN was purified as was 

full-length Spt5. WT and an H255A variant of FttA were purified from Rosetta2 E. coli cells 

carrying pQE-80L (Qiagen) expression vectors carrying the wildtype or variant TK1428 

coding sequence (Extended Data Figure 2). Cells were grown in LB medium at 37°C with 

shaking (~220 rpm) with 30 μg/ml chloramphenicol and 100 μg/ml ampicillin to an optical 

density at 600 nm of 0.5 before expression was induced with 0.5 mM isopropyl β-D-1-

thiogalactopyranoside. Cultures were grown for an additional 3 h at 37°C with shaking 

before biomass was harvested via centrifugation (~8,000 x g, 20 min, 4°C), resuspended and 

lysed via sonication (3 ml/g of biomass) in 20 mM Tris-HCl pH 8.0, 5 mM 2-

mercaptoethanol, 10 mM MgCl2, 100 mM NaCl. Cellular lysates were clarified by 

centrifugation (~20,000 x g, 20 min, 4°C), heated to 85°C for 30 min to denature most host 

proteins, and clarified again by centrifugation (~20,000 x g, 20 min, 4°C). Heat-treated 

clarified cell lysates were resolved through a 5 ml HiTrap-heparin column (GE Healthcare) 

with a linear gradient from 0.1 – 1.0 M NaCl dissolved in 20 mM Tris-HCl pH 8.0, 5 mM 2-

mercaptoethanol, 10 mM MgCl2. Fractions containing > 95% pure FttA were identified by 

SDS-PAGE, pooled, and dialyzed into 25 mM Tris-HCl pH 8.0, 100 mM KCl, 10 mM 2-

mercaptoethanol, 50% glycerol before storage at −80°C. All protein concentrations were 

quantified using a Bradford Assay 65.

DNA templates.

Double-stranded DNA templates used in all transcription reactions were PCR amplified 

from plasmids and gel purified as previously described 19,20,24. All transcription templates 

contain a non-template 5’-strand biotin-TEG moiety to provide attachment to streptavidin-

coated paramagnetic beads (Promega).

In vitro transcription assays.

Assembly of preinitiation complexes (PICs) and elongation via NTP deprivation was carried 

out as described previously 19,20,24. To obtain stalled TECs on G-less cassette templates, 

PICs were assembled using 10 nM template, 20 nM RNAP, 40 nM TBP, 40 nM TFB in a 20 

μl total volume of transcription buffer (20 mM Tris-HCl pH 8.0, 250 mM KCl, 5 mM 

MgCl2, 1 mM DTT) with 75 μM ApC for 3 min at 85°C before addition of 200 μM ATP, 
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200 μM CTP, 10 μM UTP and 10 μCi [α−32P]-UTP for 3 additional min at 85°C, then 

chilled to 4°C. To obtain stalled TECs on C-less cassette templates, reactions were identical 

to those above, with the substitution of 200 μM GTP for 200 μM CTP. RNAP bound 

templates were captured with HisPur™ Ni-NTA magnetic particles (Thermo Fisher 

Scientific) and washed three times with 100 μl 20 mM Tris-HCl pH 8.0, 1 mM EDTA, 500 

mM KCl.

For Figure 1a, washed TECs were resuspended in 10 mM Tris-HCl pH 8.0, 125 mM KCl, 5 

mM MgCl2, 1 mM DTT, with 10 μM each of ATP, CTP, and UTP before addition of 1 μM 

FttA or FttAH255A for 5 min at 85°C. Reactions were chilled to 4°C followed by separation 

of pellet and supernatant fractions by addition of streptavidin coated paramagnetic particles 

(Promega). Similar results were observed in 4 independent experiments. For Figure 1b, 

washed TECs (lane 1) were resuspended in 10 mM Tris-HCl pH 8.0, 125 mM KCl, 5 mM 

MgCl2, 1 mM DTT with 10 μM each of ATP, CTP, and UTP and were incubated at 85°C for 

7 min (lane 2) before being chilled on ice, bound to streptavidin-coated paramagnetic beads 

and washed with 100 μl 20 mM Tris-HCl pH 8.0, 1 mM EDTA, 500 mM KCl (lane 3). 

Washed TECs were incubated at 85°C for 1 minute before addition of 100 μM NTPs (lane 4) 

or 100 μM ATP, CTP and GTP, 10μM UTP containing 1μC 32P-α-UTP (lane 5) and 

continued incubation at 85°C for 3 minutes. Washed TECs were exposed to 1μM FttA (lane 

6) at 85°C for 7 minutes before being chilled on ice, bound to streptavidin-coated 

paramagnetic beads and washed with 100 μl 20 mM Tris-HCl pH 8.0, 1 mM EDTA, 500 

mM KCl (lane 7). FttA-treated, washed TECs were incubated at 85°C for 1 minute before 

addition of 100 μM NTPs (lane 8) or 100 μM ATP, CTP and GTP, 10μM UTP containing 

1μC 32P-α-UTP (lane 9) and continued incubation at 85°C for 3 minutes. Washed TECs 

were exposed to 50U RNase If (lane 10) at 37°C for 7 minutes before being chilled on ice, 

bound to streptavidin-coated paramagnetic beads and washed with 100 μl 20 mM Tris-HCl 

pH 8.0, 1 mM EDTA, 500 mM KCl (lane 11). RNase If-treated, washed TECs were 

incubated at 85°C for 1 minute before addition of 100 μM NTPs (lane 12) or 100 μM ATP, 

CTP and GTP, 10μM UTP containing 1μC 32P-α-UTP (lane 13) and continued incubation at 

85°C for 3 minutes. Similar results were observed in 4 independent experiments. For Figure 

1, panel f, washed TECs were resuspended in 10 mM Tris-HCl pH 8.0, 125 mM KCl, 5 mM 

MgCl2, 1 mM DTT, with or without 10 μM each of ATP, CTP, and UTP before addition of 1 

μM FttA at 85°C. Reaction aliquots were removed after 1, 2, or 5 minutes, chilled to 4°C, 

then pellet and supernatant fractions were separated by addition of streptavidin coated 

paramagnetic particles (Promega). Similar results were observed in 4 independent 

experiments.

For Figures 2, panels b and c, and Extended Data Figure 3, washed TECs were assembled as 

above on G-less or C-less cassettes of various lengths. Washed TECs were resuspended in 

10 mM Tris-HCl pH 8.0, 125 mM KCl, 5 mM MgCl2, 1 mM DTT, with or without 1 μM 

FttA at 85°C for 3 minutes. Reactions were chilled to 4°C, then pellet and supernatant 

fractions were separated by addition of streptavidin coated paramagnetic particles 

(Promega). For Figure 2b-c and Extended Data Figure 3 similar results were observed in 3 

independent experiments.
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For Figures 3 and Extended Data Figure 4, washed TECs were assembled with WT or ΔE/F 

RNAP as above on a +125 G-less cassette template. Continued elongation was permitted by 

the addition of 0, 1, 10 or 100 μM NTPs in the presence or absence of combinations of 6 μM 

Spt4, 6 μM Spt5, 6 μM Spt5ΔNGN, 1 μM FttA or FttAH255A. After 5 min at 85°C, reactions 

were chilled to 4°C followed by separation of pellet and supernatant fractions by addition of 

streptavidin coated paramagnetic particles (Promega). For Figure 3c, similar results were 

observed in 3 independent experiments. Extended Data Figure 4 was performed once.

For Figure 4b, stalled TECs on a G-less cassette template assembled using 10 nM template, 

20 nM RNAP, 40 nM TBP, 40 nM TFB in a 20 μl total volume of transcription buffer (20 

mM Tris-HCl pH 8.0, 250 mM KCl, 5 mM MgCl2, 1 mM DTT) with 75 μM ApC for 3 min 

at 85°C before addition of 200 μM ATP, 200 μM CTP, 10 μM UTP and 10 μCi [α−32P]-UTP 

and incubation for 3 additional min at 85°C, then chilled to 4°C. RNAP bound templates 

were captured with HisPur™ Ni-NTA magnetic particles (Thermo Fisher Scientific) and 

washed three times with 100 μl 20 mM Tris-HCl pH 8.0, 1 mM EDTA, 500 mM KCl. 

Washed TECs were resuspended in 10 mM Tris-HCl pH 8.0, 125 mM KCl, 5 mM MgCl2, 1 

mM DTT, with 10 μM each of ATP, CTP, and UTP before addition of reaction buffer (10 

mM Tris-HCl pH 8.0, 120 mM KCl, 8 mM DTT, and 1.25 mM MgCl2) +/− 25 mM DPA 

and/or +/− 1 μM FttA at 85°C. Reaction aliquots were incubated for 3 minutes, and then 

chased with 250 μM ATP, CTP, UTP, and GTP for 2 minutes to allow for elongation to +225. 

Reactions were chilled to 4°C, then pellet and supernatant fractions were separated by 

addition of streptavidin coated paramagnetic particles (Promega). Similar results were 

observed in 5 independent experiments.

Radiolabeled transcripts from Figures 1-4, Extended Data Figure 3 and Extended Data 

Figure 4 were recovered by addition of 5 volumes STOP buffer (600 mM Tris-HCl pH 8.0, 

30 mM EDTA) containing 7 μg of tRNA (total), equal volume phenol/chloroform/isoamyl 

alcohol (25:24:1, V/V) extractions, and precipitations of the aqueous phase with 2.6 volumes 

100% ethanol. Precipitated transcripts were resuspended in 95% formamide, 1X TBE, 

heated to 99°C for 2 minutes, rapidly chilled on ice, loaded and resolved in 10-20% 

polyacrylamide, 8M urea, 1X TBE denaturing gels. Radiolabeled RNA was detected using 

phosphorimaging (GE Healthcare). Gel images were analyzed using GE Imagequant 5.2 

software.

To generate +125 nt [α−32P]-UTP labeled transcripts used in Extended Data Figure 3, 

transcription reactions were assembled and terminated as above, with the substitution of 10 

μg of glycogen for 7 μg of tRNA during reaction clean up. Radiolabeled transcripts were 

incubated at 85°C with or without 1 μM FttA or at 37°C with 5U RNaseA (Thermo Fisher 

Scientific) in T. kodakarensis transcription buffer (20 mM Tris-HCl pH 8.0, 250 mM KCl, 5 

mM MgCl2, 1 mM DTT) to monitor cleavage. When present, T. kodakarensis RNAP was 

added to 40 nM final.

Western blot analysis of RNAP release to solution (Figure 1, panel e).

Anti-HA antibodies (BioLegend 901513) were employed as previously described10,19,53 to 

quantify RpoL-levels in P and S fractions.
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Western blot analysis of FttA protein levels (Figure 4, panel h, and Extended Data Figure 
5).

Purified, recombinant full-length FttA was used as an antigen to prepare polyclonal 

antibodies in mice (Cocalico Biologicals). Known quantities of purified FttA were resolved 

as comparative quantification standards in adjacent lanes to clarified cell lysates derived 

from known quantities of cells. Proteins were separated via SDS-PAGE, transferred to 

PVDF membranes, and probed with primary anti-FttA antibodies. Blots were developed by 

addition of an IgG-AP conjugated anti-mouse secondary antibody allowed for detection by 

NBT/BCIP (Roche). A linear regression FttA signal intensity to FttA amount in ng was 

generated.

Construction of strains TK1428D and IR5.

T. kodakarensis strains used here were constructed from the parental strains TS55952 as 

previously described53.

Purification of FttA directly from lysates of strain TK1428D and MuDPIT analysis.

Purification procedures and MuDPIT analysis was performed largely as previously 

described10,54,55. Briefly, 2 L early-exponential phase cultures (OD600 nm = ~0.3) of T. 
kodakarensis strains TK1428D and TS559 grown in ASW-YT-S° medium at 85°C were 

rapidly chilled to 4°C and harvested by centrifugation (20,000 x g). All subsequent 

procedures were carried out at 4°C and completed as rapidly as possible to retain native in 
vivo protein-protein interactions. Cells from each strain were individually resuspended in 3 

ml of 25 mM Tris-HCl pH 8, 500 mM NaCl, 10% glycerol per gram of wet biomass and 

lysed by repetitive sonication. The resulting lysates were clarified via centrifugation (20,000 

x g) before passage through 5-ml HiTRAP chelating columns (GE Healthcare) pre-charged 

with NiSO4 and equilibrated in 25 mM Tris-HCl pH 8, 500 mM NaCl, 10% glycerol. The 

lysate components that did not bind the columns (e.g. flowthrough) were discarded and the 

columns were washed with ~20 column volumes 25 mM Tris-HCl pH 8, 500 mM NaCl, 

10% glycerol until no additional proteins eluted. Bound proteins were eluted using a linear 

gradient from (initial) 25 mM Tris-HCl pH 8, 500 mM NaCl, 10% glycerol to (final) 25 mM 

Tris-HCl pH 8, 100 mM NaCl, 150 mM imidazole, 10% glycerol. Fractions that contained 

the tagged TK1428 protein were identified by Western blotting (Extended Data Figure 6), 

pooled, and were twice dialyzed in 3 Kda molecular weight cut-off dialysis tubing against 1 

L 25 mM Tris-HCl pH 8, 500 mM NaCl, 0.5 mM EDTA, 2 mM dithiothreitol. FttA was not 

identified by Western blots within fractions resultant from processing TS559 biomass, but 

identical fractions were collected and processed to identify native T. kodakarensis present in 

such fractions that spontaneously bind the chelating resin. Protein concentrations were 

determined by Bradford assays65, and thirty-microgram aliquots of the proteins present in 

solution were precipitated by adding trichloroacetic acid (TCA; 15% final concentration). 

The TCA-precipitated proteins were identified by multidimensional protein identification 

technology at the Ohio State University mass spectrometry facility (https://

www.ccic.osu.edu/MSP) using the MASCOT search engine. We required a minimum of two 

unique peptide fragments to positively identify a protein. TS559 control samples identified 

several proteins that bound and eluted from the Ni2+-charged matrix in the absence of a 
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His6-tagged protein. All of the proteins identified in the experimental samples that had 

MASCOT scores of >100 and were not also present in the control samples are shown in 

Extended Data Figure 7.

TRIzol-based RNA purifications from T. kodakarensis cultures and q-RT-PCR.

RNA extractions were performed essentially as previously described46 from strain TS559 

prior to, or 1 hour after DPA addition. RNA extractions from IR5 and TS559, in the absence 

and presence of 4 mM NaF were performed as previously described46. qRT-PCR reactions 

were performed as previously described66, except that 500 ng of total RNA was used during 

cDNA synthesis.

Sequences of DNA templates employed in transcription reactions.

For all DNA templates, the BRE and TATA sequences are shown in capital text and 

italicized, transcription start sites are in capital bold text, transcribed regions are underlined, 

and positions used to stall TECs by NTP deprivation are shown in bold. Critical parameters 

of each template (template name, G-less or C-less cassette length and the length of full-

length run-off transcripts) are highlighted above the text of each DNA templates

TJS0 – 125nt G-less stalled transcript, 175nt run-off transcript 

cgcgcgtaatacgactcactatagggGCGAtataTTTATATAgggatatagtaatagataatatcAcatctctcttctcaaata

ttctacttattactcaacaccatctaccttccactccatcctaccttccacatctctcttctcaccctccctctccaccaactacttccacttca

ccatcaaccatgggtcctgttccgttggaccgtggtttccaggcggtgcgtctgctgtcgg

TJS1 – 125nt G-less stalled transcript, 225nt run-off transcript 

cgcgcgtaatacgactcactatagggGCGAtataTTTATATAgggatatagtaatagataatatcAcatctctcttctcaaata

ttctacttattactcaacaccatctaccttccactccatcctaccttccacatctctcttctcaccctccctctccaccaactacttccacttca

ccatcaaccatgggtcctgttccgttggaccgtggtttccaggcggtgcgtctgctgtcgggtccctctggtgactggctagatggacc

ctttagtgagggttaattgcgg

TJS2 – 87nt G-less stalled transcript, 187nt run-off transcript 

cgcgcgtaatacgactcactatagggGCGAtataTTTATATAgggatatagtaatagataatatcAcatctctcttctcaaata

ttctacttattactcaacaccatctaccttccactccatcctaccttccacatctctcttctcaccctgggtcctgttccgttggaccgtggttt

ccaggcggtgcgtctgctgtcgggtccctctggtgactggctagatggaccctttagtgagggttaattgcgg

TJS3 – 69nt G-less stalled transcript, 169nt run-off transcript 

cgcgcgtaatacgactcactatagggGCGAtataTTTATATAgggatatagtaatagataatatcAcatctctcttctcaaata

ttctacttattactcaacaccatctaccttccactccatcctaccttccagggtcctgttccgttggaccgtggtttccaggcggtgcgtct

gctgtcgggtccctctggtgactggctagatggaccctttagtgagggttaattgcgg

TJS4 – 54nt G-less stalled transcript, 154nt run-off transcript 

cgcgcgtaatacgactcactatagggGCGAtataTTTATATAgggatatagtaatagataatatcAcatctctcttctcaaata

ttctacttattactcaacaccatctaccttccactgggtcctgttccgttggaccgtggtttccaggcggtgcgtctgctgtcgggtccctc

tggtgactggctagatggaccctttagtgagggttaattgcgg

TJS5 – 125nt C-less stalled transcript, 180nt run-off transcript 

cgcgcgtaatacgactcactatagggGCGAtataTTTATATAgggatatagtaatagataatatcAcatgtgtgttgtgaaat
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attgtagttggatgtaggttggagtggagtgtgtggtgtgtgtatggtgatagattaagtgttaatgtggttgtagataaagttaatgtatat

tggtaatatgagttccctcctgttcgtcgccgttggaccgtggttccctttagtgagggttaattgcgg

TJS6 – 98nt C-less stalled transcript, 153nt run-off transcript 

cgcgcgtaatacgactcactatagggGCGAtataTTTATATAgggatatagtaatagataatatcAcatgtgtgttgtgaaat

attgtagttggatgtaggttggagtggagtgtgtggtgtgtgtatggtgatagattaagtgttaatgtggttgtagataaccctcctgttcgt

cgccgttggaccgtggttccctttagtgagggttaattgcgg

TJS7 – 78nt C-less stalled transcript, 133nt run-off transcript 

cgcgcgtaatacgactcactatagggGCGAtataTTTATATAgggatatagtaatagataatatcAcatgtgtgttgtgaaat

attgtagttggatgtaggttggagtggagtgtgtggtgtgtgtatggtgatagattaagtccctcctgttcgtcgccgttggaccgtggtt

ccctttagtgagggttaattgcgg

TJS8 – 58nt C-less stalled transcript, 113nt run-off transcript 

cgcgcgtaatacgactcactatagggGCGAtataTTTATATAgggatatagtaatagataatatcAcatgtgtgttgtgaaat

attgtagttggatgtaggttggagtggagtgtgtggtgtgccctcctgttcgtcgccgttggaccgtggttccctttagtgagggttaatt

gcgg

Data availability.

The data that support the findings of this study are available from the authors upon 

reasonable request. Source data for Figs. 1e, and 4h, as well as Extended Data Figs. 2a, 3d 

and 5 are included in this article and its Supplemental Information Files.

Extended Data
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Extended Data Figure 1. 
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Extended Data Figure 2. 
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Extended Data Figure 3. 
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Extended Data Figure 4. 
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Extended Data Figure 5. 

Sanders et al. Page 17

Nat Microbiol. Author manuscript; available in PMC 2020 August 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Extended Data Figure 6. 
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Extended Data Figure 7. 
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Extended Data Figure 8. 
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. FttA is a bona fide archaeal transcription termination factor.
a. Transcripts within intact TECs are retained in pellet (P) fractions; transcripts released 

from terminated TECs partition into the supernatant (S). Radiolabeled transcripts within 

starting material (SM) TECs+125 and mock treated TECs+125 are retained in pellet fractions 

(lanes 1-4), whereas FttAWT addition results in cleavage of nascent transcripts and 

termination of most TECs (lanes 5-6). A catalytically deficient FttA variant (FttAH255A) 

abrogates cleavage and RNA release (lanes 7-8). Lane M contains 32P-labeled ssDNA 

markers. b. FttA-mediated termination is distinct from RNase treatment of intact TECs. 

TECs+125 (SM, lane 1) are resistant to repeated washes and readily resume elongation upon 

NTP addition to generate +225 nt transcripts (lanes 2-5). Dashed boxes and arrows denote 

+125 transcripts that are elongated to +225 nt transcripts; the specific activity of +225 

transcripts can be increased by addition of additional 32P-α-UTP during resumed elongation. 

RNase If digestion of nascent transcripts associated with washed TECs+125 results in 

degradation of the nascent transcript to just ~20-30 nts, but TECs with shortened transcripts 

remain associated with the DNA and survive repeated washing (lanes 10-11). TECs~+25-30 

resultant from RNase If treatment of TECs+125 readily resume elongation upon NTP 

addition to generate ~+125 nt full-length transcripts (lanes 12-13). Dashed boxes and arrows 

denote ~+25 transcripts that are elongated to ~+125 nt transcripts; the specific activity of ~

+125 transcripts can be increased by addition of 32P-α-UTP during resumed elongation. 

FttA addition to TECs+125 disrupts most TECs with nascent transcript cleavage (lanes 6-9), 

results in release of most TECs from the template and cleaved transcripts cannot be extended 

by NTP addition (lanes 8-9). c and d. Diagrams of the fate of TECs+125 following RNase If 

and FttA treatment, respectively. e. FttA releases RNAP from the DNA template into 

solution confirming dissociation of the TEC and bona fide FttA-mediated transcription 

termination. RNAP is tracked and quantified by Western blots (n = 3 independent replicates) 

with anti-HA antibodies that recognize the modified RpoL-subunit. f. FttA is not reliant on 

NTP hydrolysis to inactivate TECs, cleave nascent transcripts and terminate transcription. 

For panels a, b f: Similar results were observed in 4 independent experiments.
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Figure 2. FttA-mediated termination shares mechanistic requirements of rho-mediated bacterial 
transcription termination.
a. Promoter-directed transcription of biotinylated templates encoding G-less or C-less 

cassettes permits formation of TECs with increasing length A-, C-, and U-rich, or A-, G-, 

and U-rich nascent transcripts, respectively. FL = full-length; all templates permit elongation 

for 100 nts beyond the G- or C-less cassette. b. TECs remain stably associated and 

transcripts are primarily recovered in the pellet (P) fraction in the absence (−) of FttA. When 

FttA is present (+), transcripts are cleaved and primarily recovered in the supernatant (S) 

fraction. Cleavage releases ~20 – 30 nt shorter transcripts (boxed). The left-most lane 

contains 32P-labeled ssDNA markers. c. Addition of Spt4-Spt5 largely abrogates the RNA 

sequence-requirements of FttA-mediated transcription termination. T= total reaction = P+S. 

The left-most lane contains 32P-labeled ssDNA markers. d. Transcript release was quantified 

with and without FttA addition for TECs with increasing length transcripts on G-less (pink/

salmon) and C-less cassettes (mint/green), with and without Spt4-Spt5 addition for TECs

+125 formed on G- and C-less cassettes. Error bars were calculated as standard deviation 

from the mean (n = 3 independent experiments). For panels b, c: Similar results were 

observed in 3 independent experiments.
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Figure 3. FttA-mediated transcription termination is competitive with transcription elongation.
a and b. Washed, NTP-deprived TECs+125 were assembled on biotinylated templates with a 

+125 nt G-less cassette. Resumed elongation upon differential [NTP] addition permits 

transcription to generate +225 nt transcripts, albeit at different rates. c. FttA readily 

terminates stalled or slowly elongating TECs (lanes 17-24) and FttA-mediated termination 

becomes competitive with transcription elongation even at high [NTP] in the presence of 

Spt4-Spt5 (lanes 25-32). Similar results were observed in 3 independent experiments.
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Figure 4. Inhibition of FttA activity abolishes transcription termination in vitro and reduced 
FttA-expression or activity alters steady-state RNA 3’-termini in vivo.
a. and b. TECs+125 (lane 3) resume elongation upon NTP addition to generate +225 nt 

transcripts −/+ 25 mM DPA (lanes 4-11). FttA addition results in transcript cleavage and 

release of most TECs to the supernatant - DPA (lanes 12-13), inhibiting resumed elongation 

upon NTP addition (lanes 14-15). Pre-incubation of FttA with 25 mM DPA inhibits FttA-

mediated termination (lanes 16-17), permitting TECs+125 to resume elongation (lanes 

18-19). Lanes M1 and M2 contain 32P-labeled 10- and 50-nt ssDNA markers, respectively. 

Similar results were observed in 5 independent experiments. c. Inhibition of metallo-beta-

lactamase/beta-CASP protein activity impairs growth of T. kodakarensis. A mid-log culture 

of T. kodakarensis strain TS559 was split into nine cultures, with three biological replicates 

exposed to 0 mM (peach), 12.5 mM (green) or 25 mM DPA (purple). d, e and f. RNAs 

recovered one-hour post DPA-addition to cultures of TS559, or from cultures of IR5 grown 

in the absence of NaF display altered 3'-termini. TRIzol extracted RNAs were reverse 

transcribed with primers complementary to nascent transcript sequences of TK1146, 

TK0222 and TK0676 to generate cDNAs that were quantified and normalized to internal 

controls. Inhibiting FttA-activity with DPA or lowering steady-state FttA levels by 

riboswitch-mediated controlled expression impacts the abundance of RNAs with extended 

3’-termini in vivo. RNA abundance in untreated TS559 cultures (open bars) was set to 1.0, 

and fold changes in the abundance of amplicons reflecting RNA transcripts with extended 

3’-sequences at increasing distances from the translation stop site (purple, green, orange and 

red) are shown for strain IR5 (solid bars), TS559 + 12.5 mM DPA (wide stripes) and TS559 

+ 25 mM DPA (narrow stripes). Errors were calculated at a 95% confidence interval with the 

center value as the mean of 3 biological replicates. g. Maps of the TK1428 locus in parental 

(TS559), N-terminally tagged (TK1428D) and riboswitch-regulated expression (IR5) strains. 

h. Western blots demonstrate the reduction in FttA protein levels in strain IR5 upon removal 

of NaF from the medium; n = 3 independent replicates. Size standards are identified by MW 

(left).
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